A B S T R A C T The acute effect of i.v. and direct intrarenal arterial infusion of These results indicate that 25HCC enhances tubular reabsorption of phosphorus in rats, only in the presence of either endogenous or exogenous circulating PTH, but not in its absence and thus imply a PTH-dependent mechanism of 25HCC action on the kidney. This effect does not appear to be related to the conversion of 25HCC into 1,25DHCC, since the latter fails to affect tubular reabsorption of phosphorus in PTX rats.
I'TX rats in which normocalcemia was maintained with calcium supplements and (d) PTX animals in which urinary phosphorus was augmented by (i) i.v. sodium phosphate, (ii) expansion of the extracellular fluid volume with normal saline, and (iii) i.v. parathyroid hormone (PTH). Clearances of inulin (Cin), phosphorus (CP), and fractional clearances of phosphorus (CP/Cin) of the experimental groups were compared with those of the corresponding control groups, and the clearances of the infused kidneys with those of the contralateral kidneys.
In intact animals, i.v. 25HCC decreased CP/Cix from 0.29±0.04 ( 
INTRODUCTION
The effect of vitamin D on renal handling of phosphorus has been the subject of numerous investigations (1) (2) (3) (4) (5) (6) (7) . The main difficulty encountered in interpreting changes in urinary excretion of phosphorus has been related to the calcemic action of the vitamin which, per se, by suppressing parathyroid hormone secretion, might, in an indirect fashion, alter renal handling of phosphorus (8, 9) . Thus, the en'hanced tubular reabsorption of phosphorus associated with administration of vitamin D to patients with osteomalacia (6, 7) and to rachitic animals with intact parathyroid glands (1) could be accounted for either by inhibition of parathyroid hormone secretion or by a direct tubular action of the vitamin. In contrast, the phosphaturic action of large doses of vitamin D observed in hypoparathyroid humans (2) and in thyroparathyroidectomized dogs (4) has been either attributed to a direct effect of the steroid on renal reabsorption of phosphorus (4) an indirect effect mediated by the increase in serum calcium (10) . However, the effect of the latter is ratlher complex, and an increase in serum calcium may lead either to an increase or a decrease in the urinary excretion of phosphorus indel)elldently of variations in parathyroid glands' activity (10, 11 ). hI addition, the level of calcium has beeil implicated as aan important factor, (letermininig the response of the bone to vitamiini D (12) . The conceintration of calciumil may also play an important role in other actions of vitamin D. In a recent study, a direct renal action of 25-hydroxycholecalciferol (25HCC)1 independent of parathyroid hormone secretion was suggested; however, the interdependence between the vitamin and the lhormone was not explored in great detail (5) . The present study was designed to investigate the effect of 25HCC on renal handling of phosphorus with an attempt to characterize the relationships between the action of the steroid and the level of parathyroid hormone, and betweeni the serum concentration of calcium an(d the basal excretion rate of phosplhorus in the urine.
METHODS
White female Sprague-Dawley rats (200-300 g) fed Purina pellet chow (Livestock and Poultry Feeds, Ralston Purina Co., St. Louis, Mo.) diet with tap water ad lib. were studied.
Clearance studies
The clearance studies were performed in all animals at the same part of the day between 8:00 a.m. and 4:00 p.m.
After the induction of anesthesia with an intramuscular injection of sodium pentobarbital (40 mg/kg body weight), the animals were placed on heated operating boards and a tracheostomy tube was inserted. Rectal temperature was monitored by means of a thermistor and telethermometer (Yellow Springs Instrument Co., Yellow Springs, Ohio).
The femoral artery and vein were exposed through anl inguinal incision and PE-20 tubings (Clay Adams, Div. of Becton, Dickinson, and Co., Parsippany, N. J.) were inserted into each vessel. measuring initlini clearances (CIn) and sodium clearances (CNa) in rats, and( the analytical procedures used in our laboratory have been described in detail in a recent report (14) . All plasma and urine specimens w7ere analyzed for inulin (15) Group lb. In four rats with intact parathyroid glands after four control clearances, 0.02 jAg/100 g per h of 25HCC were infused directly into the left renal artery during five collection periods. During the control collections, the intrarenal arterial infusion delivered plasma with the vehicle.
Group 2a. Parathyroidectomy was performed 2 days before the clearance studies, using previously described techniques (16) . In six parathyroidectomized (PTX) rats after four control clearances 0.15-0.30 ,ug/100 g per h of 25HCC was given intravenously over five collection periods. Six additional PTX rats treated in a similar manner but not receiving 25HCC served as control.
Grouip 2b. In four PTX rats after four control collections, 0.02-0.10 ug/l00 g per h of 25HCC were infused directly into the left renal artery over five collection periods. During control collection, plasma obtained from similar PTX rats was infused directly into the left renal artery.
Group 3. Four PTX rats received oral suplplements of calcium as 50 mg/100 ml of elemental calcium in drinking water. In addition, they were receiving (laily 10 mg of calcium as calcium chloride by subcutaneous injection. D)uring the clearance studies, the sustaining infusioni was supplemented withl calcium chloride, resulting in a concentration of calcium of 20 mg/100 ml in the infusate. After four control collections, 0.3 ug/100 g per h of 25HCC was given intravenously over five clearance periods. Four additional PTX control rats, receiving calcium supplements, were treated in a similar fashion, hut were not infused with 25HCC.
Group 4a. In six PTX rats after three control collections, isotonic neutral sodium phosphate was infused intravenously at the rate of 6 mg/100 g per h (0.2 mM/ 100 g per h) of elemental phosphorus. After three additional clearance periods, as the phosphorus infusion continued, i.v. infusion of 0.3 ug/100 g per h of 25HCC was started and was given for four collection periods. An additional group of six PTX rats which were treated in an identical fashion but did not receive 25HCC served as control.
Group 4b. Four PTX rats were treated in an identical fashion as described in group 4a; however, sodium phosphate was infused at a slower rate, 3 mg/100 g per h (0.1 mM/100 g per h).
Group 5. In five PTX rats after three control collections, normal saline was infused intravenously at the rate of 0.1 ml/100 g per min. After three additional clearance periods as the saline infusion continued, i.v. infusion of 0.3 jug/100 g per h of 25HCC was started and was given for four collection periods. An additional group of five PTX rats which were treated in an identical fashion but did not receive 25HCC served as control.
Group 6. In six PTX rats after three control collections, i.v. infusion of 1 U/100 g per h of parathyroid extract (Eli Lilly and Co., Indianapolis, Ind.) was begun. After four additional periods, as the parathyroid extract infusion continued, i.v. infusion of 0.1 ,ug/100 g per h 25HCC was started and was given for four collection periods. Additional groups of six PTX rats which were treated in an identical fashion but did not receive 25HCC served as control.
Group 7a. In four rats with intact parathyroid glands after four control clearances, i.v. infusion of 0.1 ,ug/l00 g per h of 1,25DHCC was started and continued for four periods. An additional four rats which were treated in a similar fashion but did not receive 1,25DHCC served as control.
Group 7b. In four rats with intact parathyroid glands after four control clearances, intrarenal arterial infusion of 0.1 ,ug/100 g per h of 1,25DHCC was started and continued for an additional four periods.
Group 8a. In six PTX rats after four control collections, i.v. infusion of 1,25DHCC 0.1 ,tg/100 g per h was started and continued over four periods. An additional group of six PTX rats which were treated in a similar fashion but did not receive 1,25DHCC served as control.
Group 8b. In three PTX rats after four control collections, intrarenal arterial infusion of 0.1 ,ug/100 g per h of 1,25DHCC was begun and continued for an additional four periods.
In all studies the individual animals in the experimental and in the corresponding control groups were littermates, matched by age, sex, weight, and feeding time; both the experimental and the matched control rats were studied on the same day and during the same hours, under identical conditions.
The analysis of the results was based on the comparison of the experimental with the respective control groups for the corresponding clearanice periods, using the paired Student's t test. The results in the studies with direct intrarenal arterial infusion were evaluated by comparing values obtained on the ipsilateral side witli those on the contralateral side.
RESULTS
The effect of i.v. 25HCC on fractional clearance of phosphorus (CP/Cln) in rats with intact paratlhyroid glands (group la) is depicted in Fig. 1 . The results represent the mean+SE for both the control and the experimental groups, during the control periods and during the infusion of plasma without or with 25HCC, in the control and the experimental groups, respectively. The mean±SE of CP/Cin was calculated from the averages of the control and the vitamin infusion periods.
There was no dlifference in CP/C1. between the control and the experimental groups during the four control periods (0-80 nmin). During five periods (80-180 miii) in which 25HCC was given intravenously to the experimental group, there was a marked decrease in CP/Cm.; whereas in the control group there was an increase, resulting in a ,highly significant discrepancy between the two groups. The fall in CP/CI. became apparent 20-40 min after the beginning of 25HCC infusion. These changes were not associated with significant variations in CTn and serum concentrations of calcium and phos- Although there were no changes in serum concentrations of calcium during the administration of 25HCC significant enough to implicate secondary changes in paratlhyroid hormone secretion in the fall in CP/CI., the possibility that a change in the rate of parathyroid horiinone secretion, in the presence of parathyroid glands, played a role in the decline could not be ruled out with certainty. To further clarify this question, PTX rats were studied. In each animal that entered the study, the success of parathyroidectomy was ascertaine(l by a drop in serum calcium to a level of 6 mg/100 ml or less. The effect of i.v. 25HCC on CP/Ci. in PTX hypocalcemic rats (group 2a), compared with the effect onl a control group of PTX animals who were not receiving 25HCC is showni in Fig. 3 . There was no signi ficant difference in CP/CI. between the two groups before (0-80 min) and during 25HCC infusion (80-180 min), indicating a lack of effect of 25HCC on renal handling of phosphorus in PTX rats. Similarly no response was noticeable when 25HCC was infused directly into the left renal artery in group 2b (Fig. 4) . In both the 2a and b groups, there were no significant changes in CIn and serum concentrations of calcium and phosphorus throughout the experiment.
In group 3 after a drop in serum calcium below 6 mg/ 100 ml after PTX, serum calcium was raised and maintained at the range of 8.2-10.0 mg/100 ml in both the control and the experimental groups, before and throughout the acute experiments. There was no difference in Cl /Cdn during the control periods (Fig. 5) , between the conitrol and the exp)erimental grotups, nor during the in- fusion of 25HCC into the experimental group. Cin and serum concentrations of calcium and phosphorus did not change significantly throughout the study. In group 4a the constant infusion of sodium phosphate was associated with a rise in serum phosphorus from 5.20±0.16 (mean±SE) to 17.30+-1.10, and from 5.00± 0.35 to 16.13+1.60 mg/10 ml in the control and the experimental groups, respectively. Fig. 6 depicts the variations in CP/CIn in both groups, during the control period (0-60 min), during sodium phosphate infusion (60-100 min), during phosphate with 25HCC infusion in the experimental group, and during phosphate infusion (without 25HCC) in the control grotup (100-180 min). During the combined phosphate and 25HCC infusion periods in the experimental group, there was no significant difference in CP/Ci compared to the control group. Both groups exhibited a progressive increase in phosphorus excretion reaching a mean maximum of CP/Cin of about 50%. There were no significant changes in CIn throughout the study. There was a slight decrease in serum calcium which was not significant. Similarly in group 4b, in which CP/Cln was increased by a smaller fraction, 25HCC had no effect on tubular reabsorption of phosphorus (Table II) . In group 5 saline infusion was associated with considerable increases in both CP/CIn and CNa/Cin; however 25HCC did not affect these changes (Table III) . I Average of three clearance periods after starting ECVE (60-120 min). § Average of four clearance periods, 60 min after starting ECVE, during whiclh 25H(CC was giveni to the experimenital animals; the cotntrol aniimals received the vehlicle only (120-200 min).
11 Denotes comparison between corresponding study periods of the experimental and control groups.
to the parathyroid extract infusion in the experimental group (140-220 min) led to a significant decrease in CP/Ci. in this group; whereas in the control group whiclh received only parathyroid hormone, CP/Cin continued to rise, resulting in a large discrepancy in CP/CIn between the two groups. These changes were not associated with significant variations in Cin and serum FIGURE 7 The effect of i.v. 25HCC on renal handling of phosphorus in PTX rats receiving constant infusion of parathyroid hormone (PTH). PTH was started after 60 min, 25HCC was started in the experimental group after 140 min. P refers to the difference between corresponding collection periods in the control and the experimental group.
concentrations of calcium and phosphorus. This observation demonstrated that 25HCC may decrease CP/Ci. in PTX animals, provided that exogenous hormone is present in the circulation.
The effect of 1,25DHCC on CP/Ci. in animals with intact parathyroid glands (group 7a) is shown in Fig. 8 . 10 The effect of i.v. 1,25DHCC on renal handling of phosphorus in PTX rats. P refers to the difference between the corresponding collection periods in both groups.
In group 7b (Fig. 9) , there was no difference in CP/CI. between the two kidneys during the control periods (0-80 min) and during the infusions of 1.25DHCC into the left renal artery (80-160 min). During the infusion of 1,25DHCC there was a marked but equal decrease in CP/Cin on both sides. There were no significant changes in Cin and serum concentrations of calcium and phosphorus during the study. The effect of i.v. 1,25-DHCC on CP/CIn in PTX rats (group 8a) compared with the effect on a control group of rats not receiving 1,25DHCC is shown in Fig. 10 . There was no significant difference in CP/CI between the two groups before (0-80 min) and -during 1,25DHCC infusion (80-160 min), suggesting a lack of effect of 1,25DHCC on renal handling of phosphorus in PTX rats. Similarly no response was elicited when 1,25DHCC was infused directly into the left renal artery in group 8b (Fig. 11) . In both the 8a and b groups there were no significant changes in CIn and serum concentrations of calcium and phosphorus throughout the study. FIGURE 9 The effect of 1,25DHCC infusion directly into left renal artery on renal handling of phosphorus in rats with intact parathyroid glands. P refers to the difference between the control and, 1,25DHCC infusion periods in both kidneys. (18) . We were able to augmeint urinary excretion of phosphorus in rats subjected to PTX two days before, by expanding the extracellular fluid volume with saline. Even though the amount of excreted phosphorus reached 15% or more of its filtered load, this increase failed to restore the renal response to 25HCC. Similarly we were unable to see a response to 25HCC in PTX rats in which CP/Ci Nwas increased with i.v. sodium phosplhate.
Recent studies demonstrated that the presence of parathyroid hiormone is necessary for the conversioln of 25-HCC into a 1,25DHCC in the kidney (19, 20) . The latter conmpounid lhas been shown to be the active fornm of vitanmin D wlhiclh acts directlv on the gut and on the bonie (21) (22) (23) (24) . Should 1,25DHCC also be the form of vitamin D which acts directly on the kidney, parathyroid hormone could be necessary for the renal action of 25 (25, 26) . Next, the preselnce of parathyroid hormone may be niecessary for converting 25HCC and/or 1,25DHCC into an additional yet unknown conmpound(s) which act(s) lirectly oni the renal tubule. And filnally, vitaminl D may act only on one componlent of inlorganic phosphoruis transport in kidiney whiclh has been described to be selectively sensitive to parathyroid hormone (27, 28) . In the absence of parathyroid hormonie this transport sys-tern may be operating already at its maximal capacity precluding any additional effect of vitamin D on phosphorus reabsorption.
